###### What are the key new findings of this study?

-   This is the first large study of male road cyclists to identify the major determinants of bone mineral density at a site known to be adversely impacted by relative energy deficiency in sports (RED-S).

-   A sport-specific questionnaire and clinical interview was effective at identifying male cyclists with both acute intermittent and chronic sustained low energy availability (EA).

-   Male cyclists identified as having low EA, particularly in the long-term, were demonstrated to have quantifiable effects on bone and endocrine health and cycling performance.

###### How might this study impact clinical practice in the future?

-   Athletes at risk of RED-S, including male athletes, should be assessed for low EA to prevent adverse health and performance sequelae.

-   A sport-specific questionnaire combined with sport-specific clinical interview may provide an effective and practical clinical tool to identify athletes/dancers at risk of RED-S.

-   Male cyclists would benefit from educational support for nutritional strategies and targeted off bike osteogenic exercise to prevent development of the clinical consequences of RED-S.

-   This study demonstrates the need for the educational on line resource on RED-S currently being developed for athletes, coaches, parents and healthcare professionals.

Introduction {#s1}
============

Relative energy deficiency in sports (RED-S), as described by the International Olympic Committee[@R1] (IOC), refers to insufficient energy availability (EA) in both male and female athletes that can lead to detrimental sequelae on multiple body systems and athletic performance. Intentional energy deficit can arise from reducing body weight, to confer a performance advantage.[@R2] Reduced EA can also arise inadvertently from high volumes of exercise accompanied by insufficient fuelling. Low EA is well described in female long distance runners.[@R3] Yet there is a dearth of studies in male athletes,[@R1] and consideration of sport-specific factors.[@R6]

As highlighted in the IOC update on RED-S,[@R6] early identification of low EA in athletes is crucial to prevent development of adverse health and performance outcomes. However, identifying athletes at risk of RED-S continues to present a challenge in clinical practice. In research settings, calculation of a value for EA is laborious, valid only at the time of assessment and prone to inaccuracies. Moreover, in female athletes, an absolute threshold value of EA fails to determine menstrual function[@R7] and no research in male athletes has investigated the magnitude and duration of low EA resulting in the clinical manifestations of RED-S.[@R6]

Although there are many potential consequences of low EA, quantification of bone mineral density (BMD) is an established, objective and clinically relevant indicator of long-term low EA. Low BMD is well documented in cross-sectional studies of male and female endurance athletes with low EA.[@R8] The clinical consequence of BMD Z-score less than −1 is an increased injury risk.[@R1] Nevertheless, widespread bone densitometry of athletes is not a feasible screening tool for RED-S.

In female athletes, validated questionnaires, such as LEAF-Q,[@R10] are tools for screening for the female athlete triad. This questionnaire approach to identifying low EA has been shown to correlate with self-reported health and performance consequences of RED-S in female athletes.[@R11] To date, no such questionnaire approach, combined with clinical interview to assess low EA, as recommended by the IOC[@R6], has been applied to male athletes and correlated to quantified, objective health and performance outcomes of RED-S. Nor has any such screening tool been tailored for specific sports or to explore the sports-specific temporal aspects of low EA.

The purpose of this study was to evaluate the efficacy of a sport-specific EA questionnaire and clinical interview (SEAQ-I) for identifying male cyclists at risk of developing consequences of RED-S.

Materials and methods {#s2}
=====================

Participants {#s2-1}
------------

Male competitive road cyclists aged over 18 years were eligible to participate, if competing for at least 12 months at a level equivalent of British Cycling (BC) category 2 or above. Exclusion criteria included use of prescribed medications that could affect bone metabolism (not sports supplements) and diagnosed conditions that could affect nutrient absorption. No riders were excluded on these grounds. Data collection took place early in the cycle race season, during the months of March and April.

Sport-specific energy availability questionnaire and interview (SEAQ-I) {#s2-2}
-----------------------------------------------------------------------

A questionnaire ([online supplementary file 1](#SP1){ref-type="supplementary-material"}) was developed specifically for male road cyclists covering details of years of cycle training, average weekly training hours and off-bike exercise. Nutritional information covered details of intentional weight loss, number of fasted rides per week, fuelling for rides over 1 hour, post-training recovery nutrition and use of supplements. Medical history recorded past injuries, including clinically diagnosed fracture (type and site), regular medications and family history of osteoporosis. The questionnaire was trialled in a pilot study and reviewed by a clinical sports endocrinologist, a sports research scientist, a registered sports performance dietician, competitive male cyclists and coaches for validation of content.
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Following recommendations in the IOC consensus statements, an experienced clinician (Sports Endocrinologist) interviewed cyclists individually to verify and gather more detail on the responses provided in the questionnaire, in order to make a clinical evaluation of EA according to the following:

-   Chronic low EA: disordered eating requiring intervention from a sports performance dietician, or a diagnosed eating disorder, or intentional restrictive nutrition to achieve substantial weight loss (\>7%) within 5 weeks and sustained over more than a cycle season (\>12 months).

-   Acute intermittent low EA: limited fuelling around training (eg, weekly fasted rides), on a background of non-restrictive nutrition and small variations of body weight (\<5%) during a cycle season.

-   Adequate EA: no restrictive nutrition practices and steady weight.

The SEAQ-I was undertaken to establish EA status before dual energy X-ray absorptiometry (DXA) scanning.

Sport-specific performance metrics {#s2-3}
----------------------------------

In road cycling, a high power-to-weight ratio, expressed as 60 min functional threshold power (FTP) watts/kg confers a performance advantage. Cyclists quantify FTP according to BC protocol (or equivalent), typically early in the cycle season to set their training zones. This self-reported metric was recorded in the sport specific questionnaire, together with BC race category (which can be verified on the BC website).

Bone health parameters {#s2-4}
----------------------

Body weight was measured to the nearest 0.1 kg using calibrated electronic scales (SECA Alpha, Birmingham, UK) and standing height was measured to the nearest 0.1 cm using a stadiometer (SECA Alpha, Birmingham, UK) with head in Frankfurt plane. Bone health and body composition were evaluated using DXA (GE Lunar iDXA, GE Healthcare, UK), with cyclists in a rested state (refrained from intensive exercise, alcohol, caffeine and large food intake in the preceding 12 hours) and according to best practice recommendations for densitometry in athletes.[@R12] BMD was evaluated at the anterior-posterior lumbar spine (L1--L4) and femoral neck. Age-matched BMD Z-scores were derived for each cyclist, at each skeletal site by the DXA software, using UK reference population data. In line with best practice, for the lumbar spine scans, when there was more than 1 SD difference between adjacent vertebrae (eg, with vertebral compression due to impaired bone health), the elevated vertebra was excluded from the analysis. Precision estimates (coefficient of variation) are 0.4% for lumbar spine BMD and 0.9% for femoral neck BMD.[@R13] Body composition was derived from a total-body scan. Precision estimates for the body composition measures range from 0.5% to 0.9%.[@R14]

Endocrine health parameters {#s2-5}
---------------------------

Endocrine and metabolic markers were assessed from capillary blood samples taken in the morning after waking. Samples were analysed to determine concentrations of total testosterone, vitamin D (25 OH), free triiodothyronine (T3), albumin, calcium, corrected calcium and alkaline phosphatase. The samples were analysed at Surrey University accredited laboratories using cobas8000 analyser with interassay coefficient of variation from \<2% to 7% for the markers above. Absolute mean values with SD were determined. Blood results were expressed as Z-scores, using population mean and SD derived from the definition of the reference range, as covering 95% of a normal distribution.

Statistical analysis {#s2-6}
--------------------

Analyses were performed using open source packages Orange[@R15] (Bioinformatics Lab at the University of Ljubljana, Slovenia) and SciPy (Enthought, Austin, Texas, USA). The data set included categorical and continuous observations, taken from the SEAQ-I, blood markers and DXA results. The means and SD of continuous variables were evaluated and, where relevant, compared against appropriate population reference ranges.

Explanatory analyses identified attributes associated with target variables relating to bone health and to cycling performance. Given that low BMD is an established marker of RED-S, the Z-score of the lowest BMD site was the target variable for bone health. BMD at other sites was excluded as an explanatory variable. The target variable for cycling performance was 60 min FTP per kg.

The equivalence of the means of subgroups distinguished by a binary variable, such as low EA, was evaluated using a two-sample t-test. The significance of the regression coefficients between continuous variables was based on the t-statistic. The robustness of results was tested using repeated data sampling.

Results {#s3}
=======

In the 50 cyclists, 4 cyclists were currently performing internationally, 20 nationally and the remainder regionally. The descriptive results for all cyclists are given in [table 1](#T1){ref-type="table"}.

###### 

Descriptive characteristics

  N=50                                                Mean±SD     Range (min--max)
  --------------------------------------------------- ----------- ------------------
  Age (years)                                         35.0±14.2   18--71
  Height (m)                                          1.81±0.06   1.69--1.90
  Weight (kg)                                         72.3±6.7    61.5--87.7
  Body mass index (kg/m^2^)                           22.6±1.5    18.3--25.9
  Years of cycling training                           11.2±9.2    1.5--40.0
  Training load: average hours on bike/week           12.5±4.4    6.0--24.0
  60 min functional threshold power (W)               329±46      195--416
  Average number of portions dairy/day                2.4±1.4     0.0--5.0
  Average caffeine servings/day (coffee/gels, etc.)   2.8±2.2     0.0--14.0
  Weekly alcohol units                                3.2±5.0     0.0--25.0

Low energy availability {#s3-1}
-----------------------

From the SEAQ-I, 14 riders (28%) were identified as having low EA. Ten of these riders were assessed as having chronic low EA: five with diagnosed eating disorders or disordered eating and five described long-term intentional restrictive nutrition in terms of energy and food types such as carbohydrates (orthorexia) or in one rider adoption of veganism, in order to achieve a sustained low body weight. Four riders described intermittent short-term intentional energy restriction around training, undertaking more than one fasted ride per week, on a background of non-restrictive nutrition. All riders expressed strong views that achieving low body weight, in particular low body fat, was critical to maximising cycling performance in terms of watts per kilo. These views were reported as being based on discussion in cycling circles: cycling media, advice from coaches and practices in fellow cyclists.

Endocrine and metabolic biomarkers {#s3-2}
----------------------------------

Endocrine and metabolic biomarkers are given in [table 2](#T2){ref-type="table"}. Although 14 cyclists were taking specific vitamin D supplementation, mean vitamin D concentration was low for athletes. Even among those taking supplementation, some levels were still low. Mean concentration of testosterone fell in the lower end of the reference range. Mean free T3 concentration was in the lower half of the reference range.

###### 

Endocrine and metabolic biomarkers

  ---------------------------------------------------------
                            Mean±SD      Range (min--max)
  ------------------------- ------------ ------------------
  Albumin\                  43.5±3.0     37.3--50.6
  (35--52 g/L)                           

  Albumin,\                 −0.01±0.69   −1.43 to 1.64
  Z-score                                

  Alkaline phosphatase\     65.0±24.7    32.0--161.0
  (0--129 IU/L)                          

  Alkaline phosphatase,\    0.00±0.73    −0.99 to 2.93
  Z-score                                

  Corrected calcium\        2.41±0.14    1.97--2.90
  (2.21--2.52 mmol/L)                    

  Corrected calcium,\       0.94±1.37    −3.43 to 5.68
  Z-score                                

  Total testosterone\       14.73±4.23   6.07--24.30
  (6/8--25/29 nmol/L)                    

  Total testosterone,\      −0.67±0.88   −2.45 to 1.34
  Z-score                                

  Free triiodothyronine\    4.83±0.71    3.27 to 6.19
  (3.1--6.8 pmol/L)                      

  Free triiodothyronine,\   −0.13±0.76   −1.78 to 1.31
  Z-score                                

  Vitamin D 25 OH\          74.8±33.4    31.1--167.0
  (50--175 nmol/L)                       

  Vitamin D 25 OH,\         −1.19±1.06   −2.55 to 1.71
  Z-score                                
  ---------------------------------------------------------

Values in parentheses indicate relevant population reference ranges (age specific for testosterone).

Z-scores calculated from reference range (age specific in case of testosterone).

Bone health {#s3-3}
-----------

BMD was lowest at the lumbar spine ([table 3](#T3){ref-type="table"}). Four cyclists showed more than 1SD difference between adjacent vertebrae (excluding these cyclists, had no significant impact on the results). All 30 reported fractures were traumatic from bike falls, including two cases of fractures in multiple vertebrae requiring internal fixation and bone graft. One stress fracture of the pelvis was sustained when a cyclist with previously undiagnosed osteoporosis started running (Z-score lumbar spine BMD −3.2).

###### 

BMD and body composition

                                      Mean±SD       Range (min--max)
  ----------------------------------- ------------- ------------------
  BMD                                               
   Lumbar spine L1-L4 BMD (g/cm^2^)   1.108±0.152   0.807--1.409
   Lumbar spine Z-score               \- 0.8±1.2    −3.2 to 1.6
   Femoral neck mean BMD (g/cm^2^)    0.974±0.119   0.707--1.218
   Femoral neck Z-score               \- 0.6±0.9    −2.6 to 1.0
  Body composition                                  
   Total fat mass (kg)                10.01±2.42    4.75--14.25
   Fat mass Z-score                   --1.1±0.9     −3.2 to 0.7
   Body fat percentage                14.1±3.2      7.5--20.1
   VAT (kg)                           0.222±0.147   0.000--0.744
   Lean body mass (kg)                60.89±6.00    49.90--74.92
   Leg lean mass (kg)                 21.32±2.51    16.84--29.30

BMD, bone mineral density; VAT, visceral adipose tissue.

The full data set was explored to find variables associated with lumbar spine BMD. The most significant explanatory variable of low lumbar spine BMD was low EA as determined from the SEAQ-I (p\<0.001), shown in the upper chart of [figure 1](#F1){ref-type="fig"}. The 14 cyclists with low EA had a mean lumbar spine BMD Z-score of −2.0±0.6, this being significantly lower than in cyclists assessed as having adequate EA with mean Z-score −0.4±1.1.

![Boxplots showing male cyclist lumbar spine BMD Z-Score in subgroups. BMD, bone mineral density.](bmjsem-2018-000424f01){#F1}

In cyclists with low EA (lower left in [figure 1](#F1){ref-type="fig"}, n=14), previous participation in beneficial weight-bearing sport provided some attenuation of effect on lumbar spine BMD (p\<0.001). In cyclists with adequate EA (lower right in [figure 1](#F1){ref-type="fig"}, n=36), very low vitamin D (Z-score of - 2.2, equivalent to 43 nmol/L) was significantly related to low lumbar spine BMD (p\<0.006). [Figure 2](#F2){ref-type="fig"} presents these results in the form of a Decision Tree.

![Decision tree showing key variables explaining lumbar spine BMD Z-score in male cyclists. BMD, bone mineral density; EA, energy availability.](bmjsem-2018-000424f02){#F2}

Compared with cyclists maintaining adequate EA, those with low EA (n=14) were observed to have lower percentage body fat (12.4% vs 14.8%, p=0.019) and lower VAT mass (0.15 kg vs 0.25 kg, p=0.002). Cyclists with chronic low EA (n=10) had lower levels of testosterone (Z-score −1.26 vs −0.54, p=0.024) and lower body mass index (21.8 vs 22.8, p=0.018).

Determinants of cycling performance {#s3-4}
-----------------------------------

Cycling performance defined as 60 min FTP watts/kg was confirmed as the important determinant of race performance with a strong relationship to BC race category (R^2^=0.39, p\<0.001). Apart from age, weekly training load was the most important factor associated with FTP watts/kg (R^2^=0.39, p\<0.001). [Figure 3](#F3){ref-type="fig"} shows a notable cluster of underperforming cyclists with most prolonged low EA and higher training loads, but not producing the power-to-weight ratio that would be anticipated for their training load. Follow-up and further studies may be able to establish the significance of this observation. There was a negative, but non-significant relationship between testosterone and weekly training load (R^2^=0.06, p\<0.089). There was no significant association between percentage body fat and performance.

![FTP watts/kg vs weekly training hours. FTP, functional threshold power.](bmjsem-2018-000424f03){#F3}

Discussion {#s4}
==========

This is the first study to explore the effectiveness of a practical method to identify male athletes at risk of the potential health and performance consequences of RED-S. We demonstrate that a sport-specific screening questionnaire and clinical interview (SEAQ-I) is an effective clinical tool for identifying male cyclists with low EA. Low EA as assessed by SEAQ-I was the most significant explanatory variable of low BMD, which is an established objective and quantifiable clinical outcome of RED-S. Those cyclists with chronic low EA, also had reduced testosterone, lower body fat and impaired cycling performance at higher training loads.

SEAQ-I and RED-S bone health outcomes {#s4-1}
-------------------------------------

Consistent with studies conducted in male cyclists elsewhere,[@R16] negative BMD Z-scores were most marked at the lumbar spine, a site predominantly comprising trabecular rich bone and receiving little osteogenic force. Although mean femoral neck BMD Z-score was also negative, this appeared attenuated, potentially reflecting biomechanical forces to bone at this site from leg musculature and standing on the pedals, together with higher composition of cortical bone of a slower turnover rate.

The most significant factor explaining reduced lumbar spine BMD in our group of male cyclists was low EA, as assessed from SEAQ-I. This is in keeping with the aforementioned study of female athletes where low EA assessed through questionnaire was linked to self-reported bone health manifestations of RED-S.[@R11]

Within the low EA group, cyclists who had not undertaken previous load-bearing exercise during their youth, before cycling became their sole sport, had significantly lower lumbar spine BMD. This timing of combined low EA and low osteogenic stimulus could impair attainment of peak bone mass[@R18] and optimisation of bone microarchitecture[@R19] with potential irreversible effects on bone even once adequate EA and body weight is restored.[@R20]

The positive influence of current resistance training on the BMD of cyclists has been reported[@R21] and targeted mechanical and muscular loading of the lumbar spine in rowers attenuates the negative impact of RED-S at this site.[@R22] However, in the current study, no associations between current strength training and lumbar spine BMD were found, as any resistance training focused predominantly on leg muscle strength, not bone health.

The clinical consequence of impaired bone health in load-bearing sports is the increased risk of bone stress injuries. However, as cycling is weight-supported, these signs are absent and most fractures are traumatic from bike falls. Among professional cyclists, traumatic fractures are the most commonly reported injury, with vertebral fracture requiring the longest time off training.[@R23]

SEAQ-I and RED-S endocrine outcomes {#s4-2}
-----------------------------------

In female athletes, menstrual disruption is an overt clinical sign of low EA. In male endurance runners, testosterone is proposed as an objective indicator of low EA and clinical outcome of bone stress injury.[@R24] Even short term low EA, occurring within a day, reduces testosterone[@R25] and bone turnover markers.[@R26] Such acute energy deficits would occur during fasted rides. However, even in the situation of adequate EA, endurance training alone can reduce testosterone in male athletes,[@R27] including male road cyclists.[@R28] In the current study, mean testosterone concentration of these endurance cyclists fell in the lower end of the reference range. Furthermore, the combined effect of training and chronic low EA resulted in a significantly lower testosterone concentration, compared with those cyclists with adequate EA. Testosterone is required for bone mineralisation and has an inhibitory effect on bone resorption.[@R30] Testosterone is also important for athletic performance via physiological actions[@R31] which could provide an incentive for male athletes to address sustained low EA.

In cyclists with adequate EA, lower lumbar spine BMD was associated with lower concentrations of vitamin D (\<43 nmol/L). Although after winter, vitamin D levels in the UK population are likely to be at the lowest, the low levels found in the cyclists are surprising given that this is an outdoor sport. Even those cyclists taking vitamin D supplementation did not uniformly have higher levels, reflecting variation in dose and consistency of supplementation being taken. The significance of these findings is that, in athletes, there is compelling evidence that being replete in vitamin D\>90 nmol/L has benefits[@R32] in terms of injury reduction,[@R33] muscle function[@R34] and immunity.[@R35] In men, vitamin D is reported to exert a synergistic action on testosterone.[@R36] Our findings suggest that male cyclists may be at risk for deficiencies in vitamin D and therefore benefit from testing and appropriate supplementation.

SEAQ-I and RED-S performance outcomes {#s4-3}
-------------------------------------

Training is the most effective way to achieve physiological adaptations, shown by the significant positive relationship between training load and 60 min FTP watts/kg. However, as demonstrated in this study, high training loads, if not matched with sufficient nutritional intake, result in chronic low EA, which rather than supporting performance, hinders attainment of predicted performance. Yet, all the riders in this study, whose body fat was already low (mean Z-Score −1.1), described promotion of fat loss in cycling circles to improve performance. None of our top-performing cyclists was assessed by the SEAQ-I as having long-term low EA.

The rationale for fasted rides is to enhance adaptations. Periodised carbohydrate intake with strategic use of low carbohydrate availability for low intensity sessions is employed in top-level cycle teams.[@R38] However, unlike amateur riders, professional cyclists benefit from careful monitoring by a multidisciplinary team. In this study, mean free T3 concentration, indicating short-term EA[@R24] was in the lower half of the reference range. Superimposing acute low EA on riders already in chronic low EA could limit rather than support performance.

Limitations {#s4-4}
-----------

FTP was self-reported, being the most practical method of assessing quantifiable cycling performance. Reported FTP was checked at interview and with BC race category for validity. To minimise diurnal variation, capillary venous bloods were taken in the morning, as close as possible to the scan day.

Conclusion {#s5}
==========

A sport-specific questionnaire and clinical interview (SEAQ-I) was found to be effective in identifying competitive male road cyclists with acute intermittent and chronic sustained low EA. Cyclists evaluated as having low EA, particularly in the long-term, were found to have adverse quantifiable measures of bone, endocrine and performance consequences of RED-S.
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